In 1935 Tiselius, using the apparatus he had devised in 1930, demonstrated that human serum globulin fell into three reasonably defined groups based on their electrophoretic mobilities. For the next 15 years a steady flood of papers reported the fluctuations of albumin and the globulins in young and old, in health and disease, as disclosed by analyses carried out using Tiselius apparatus with and without the numerous minor modifications which were introduced.
In 1935 Tiselius, using the apparatus he had devised in 1930, demonstrated that human serum globulin fell into three reasonably defined groups based on their electrophoretic mobilities. For the next 15 years a steady flood of papers reported the fluctuations of albumin and the globulins in young and old, in health and disease, as disclosed by analyses carried out using Tiselius apparatus with and without the numerous minor modifications which were introduced.
In spite of brilliant efforts at simplification it was evident that the method, because of its relative complexity, could never have widespread use in routine clinical chemistry. In 1950 three groups of workers, among them Tiselius himself, described methods which indicated that, using filter paper as a matrix, a relatively cheap and rapid method could be evolved of obtaining a rough analysis of the serum proteins akin to the analysis obtained by the classical technique.
The method required no more than 0.5 ml. of serum, and though estimates of the total protein concentration would still have to be made by other means, it was conceivable that this simple technique would dispense with the tedious salt fractionation and subsequent analyses required heretofore to obtain the albumin/globulin ratio.
The last four years have produced a spate of papers devoted to the description of modifications in methods of separation and analysis with numerous technical and mathematical tricks for improving the correlation of the results with the substantial body of data already obtained with the classical technique. With few notable exceptions scant attention was paid to the fundamental principles underlying the technique or to the points in which their application to it differed from the classical procedure.
As paper succeeded paper it became increasingly evident that except within fairly wide limits the two methods were not quantitatively comparable.
Even worse, because of lack of time spent on a consideration of the basic principles involved, G it seemed probable that differing techniques for the production of " electrophoretograms " were not comparable among themselves.
One was faced with the prospect of scores of laboratories turning out hundreds of results year by year; each group, because of deviations in technique unappreciated and therefore unrecorded, differing to an unknown extent one from the other. The clinical chemical chaos that could arise demanded a reassessment of the situation in the hope that workers in the field would stop, think, and start again.
Electrokinetic phenomena, as the derivation of the word implies, are concerned with the production of electrical manifestations by the movements of particles in liquids and conversely the production of orientated movement of particles in a liquid medium when an electrical current is passed through it.
In 1809, barely 10 years after Volta had built the first galvanic cell, Reuss, a Russian physicist, stuck two vertical glass tubes into a piece of wet clay, filled each with water and then carefully placed a layer of fine sand in the bottom of each tube. The terminals from the battery which he had fashioned, out of 74 roubles and 74 zinc pieces, were led into the tubes. When the switch on his circuit was closed he observed that the clear water at the positive pole became milky from the migration of fine particles. Moreover, he noted that though the water at the negative pole remained clear its volume increased. This experiment is the first clearly recorded observation of two electrokinetic effects, electrophoresis, the migration of the clay particles through the water, and electro-osmosis (endosmosis), the migration of water through the porous plug of clay.
The other two electrokinetic effects which may be represented as the converse of these two observations are the production of an electrical potential by the flow of a liquid through a tube, and the production of an electrical potential by the movement of particles sedimenting in a liquid column. The first of these was described and investigated by Quinke in 1859 and 1861. It is commonly referred to as streaming potential. The second was examined by Dorn in 1880 and is referred to as sedimentation potential or the Dorn effect.
All these four phenomena are usually attended by certain secondary effects due to the inevitable modifications of the existing properties of the system in which they take place. Perhaps the most important is the electroviscous effect which is the demonstrable increase in viscosity of the solution during the application or production of the electrical potential. In addition the dissipation of heat produced during the passage of an electrical current may materially alter the spatial relation of particles migrating under the current's influence by the creation of secondary convections.
The development of electrokinetic theory has shown that the four principal phenomena have much in common and that the laws which hold for one apply with only minor modification to all. It is evident too that in practice it is very difficult to create an apparatus for the demonstration of the electrophoretic effect that will not also involve the consideration of one of the other effects, streaming potential or electro-osmosis.
It is important to realize that though clay and water were the materials with which Reuss made his initial experiments, had he used soda water or champagne he might have observed the ordered migration of the bubbles of gas just as he did the particles of clay. Moreover, suspensions of oil droplets in water will migrate with equal facility to the positive pole though they are not normally regarded as existing in an ionized form in the sense that the sodium ion or chlorine ion would be. It In 1930 Tiselius published his thesis. In the next seven years, so great were the improvements in the technique initiated by him (1937, 1938) that from being the Cinderella among the methods for measuring the electrophoretic effect the moving boundary technique became one of the most popular. It was not only that these improvements enabled new light to be thrown on old problems but that it now became possible to analyse mixtures of soluble proteins and to characterize them without materially modifying their intrinsic structure. This was revolutionary, and it is proper therefore to recapitulate the improvements which Tiselius initiated.
The Construction of the U Tube. -Burton in 1906 had used a simple U tube for the study of boundary migration. Over the next 20 years various modifications had been made to it. But Tiselius altered its shape from a cylindrical to an oblong cross-section, so that not only could accurate observations be made on the deflection of parallel beams of light of any wavelength passing through the tube and the liquid it contained, but convections due to uneven heat dissipation through the liquid in the tube were greatly reduced.
The Formation of the Boundaries.-Tiselius introduced a shearing technique and obtained by it much clearer and more consistent starting boundaries than had previously been obtained by the old methods of displacement. This he did by breaking his tube into four sections: the top section, which was simply the connecting link between the U tube proper and the electrode vessels; the upper and lower middle sections, which formed the limbs of the U and through which the analytical measurements were made, and the base section which contained the linking channel between the two limbs ( Figs. 1 and 2 ). The boundaries were made by sliding the lower of the middle sections across between the upper and the base sections after complete temperature equilibration.
The E1iiIatiou of Density Gradients.-As Tiselius was largely concerned with observations in aqueous solution, he appreciated and arranged that the solution being examined, being more dense than the buffer against which it had been dialysed, should be placed in the bottom sections of his U tube, and that equilibration and migration should be carried out at or near 4°C., the maximum density of water. Over the last 15 years numerous modifications in detail have been introduced. Not all are improvements. In 1938 Philpot introduced a cylindrical lens into the optical system for Schlierin scanning which made it possible to watch the progress of separation of the components during an electrophoretic analysis. Longsworth (1942) described the single centre section which enables detailed analysis of mixtures to be made over the whole length of each limb. Svensson (1946) described improved compensators by which the rate of forward migration of a protein could be controlled, and Hoch (1950) gave mathematical foundations to the considerations of "the steady state " by which the " purity " of a sample of a protein might be determined. Numerous modifications to electrode vessels and to the method of their junction with the U tube have been described (Svensson, 1946; Alberty, 1948) . The U tube itself has been constructed successfully out of perspex instead of glass and the whole apparatus condensed in form (Longsworth and Alberty, demonstrated by Crook, El-Marsafy, Shooter, and Ward, 1952) . The use of perspex may well materially reduce the cost of the apparatus, but the physical characteristics of perspex make it necessary either to reduce the temperature of the thermostatic bath or to lower the current densities at which analyses are carried out.
FILTER-PAPER ELECTROPHORESIS
Finally a number of workers have described compact forms of apparatus using smaller amounts of material, having simplified thermostatic control, and modified cells (Moore and White, 1948; Stern and Reiner, 1946; Antweiler, 1947 Antweiler, , 1949 Alexander and Saggers, 1948; Svensson, 1950) for routine analytical use. We believe that the majority of these micro modifications lose something of the original quality of the apparatus as ultimately developed by Tiselius (1937) and by Longsworth (1942 The Apparatus.-Numerous papers have been written on the design and construction of paper electrophoresis apparatus. The complexity of these designs varies enormously, ranging from the use of glass tumblers to elaborate constructions of "perspex." Nevertheless three distinct classes can be recognized: (a) those in which the paper is supported in the centre to form an inverted V; (b) those in which the paper or other medium is horizontal; and (c) those in which the paper or medium is hung or packed vertically.
Each of these classes has certain characteristics. The Inverted V Type (Durrum, 1950; Flynn and de Mayo, 1951 ; Latner, 1952 This is due partly to the limited surface of evaporation available to saturation of the relatively large air space, and partly to the temperature differences from the heating effect of the electric current. As a result, buffer continuously ascends the paper strip during a run, and is concentrated by the distillation of water vapour from the strip. Moreover, the arrangement of the strip results in the volume of liquid absorbed by unit quantity of paper being proportional to the height of that unit above the buffer level. The conditions therefore under which electrophoresis takes place are as follows: in addition to the electro-osmotic flow of buffer, there is also a " distillation " flow from the ends of the strip to the centre. At the same time there is an increase in the ionic strength of the buffer from the ends of the strip to the centre, a decrease in the volume of buffer held by the strip. It should be noted that such changes of ionic strength generally result in an alteration of the buffer pH. When buffers containing volatile constituents such as acetic acid are used, the conditions are complicated by the preferential loss of these constituents through increased evaporation as the centre is approached. This leads to a marked change in the pH of the buffer. Under these conditions it is impossible to attain a constant potential gradient along the strip, and it is not surprising that Durrum (1950) reported that a uniform rate of movement of albumin was not attained in his apparatus, a result we have been able to confirm. In another paper Durrum (1951c) reports that in prolonged electrophoresis amino-acids take up equilibrium positions which are unaffected by their original positions on the papers, and he explains this by consideration of the opposing effects on ionic migration of the buffer flow along the paper, and of the gradients in ionic strength of the buffer. The theoretical aspect of this system has been studied in detail by Macheboeuf (1953) .
This type of apparatus has been adapted to twodimensional separation, and by this means Durrum (195lc) has separated 11 out of a mixture of 19 amino acids, using acid and alkaline solvents. He also found that it was possible to obtain reproducible patterns from serum proteins by twodimensional electrophoresis, but changes due to denaturation were liable to complicate the result.
The Horizontal Type.-This type (Fig. 4 ) has been developed from the original design of Cremer and Tiselius (1950) . Several different versions have been described. The paper may be sealed from the air by being sandwiched between two glass plates so that evaporation from the paper strip is completely prevented (Cremer and Tiselius, 1950; Kunkel and Tiselius, 1951) . In an effort to control the temperature of the strip more accurately Cremer and Tiselius immersed their sandwich in chlorobenzene. Recently Consden and Stanier described a model in which the buffersoaked filter paper was immersed directly into chlorobenzene without glass plates (Consden and Stanier, 1952b) . Other means of dissipating heat when running at high potentials have been described (Gross, 1953 ; Michl, 1952; Foster, 1952) . In Weber's apparatus the paper rests on a glass plate, but the upper surface is exposed to the atmosphere of the box (Weber, 1951) . In several models the paper hangs freely in the horizontal position (Wieland, 1948; Grassmann and Hannig, 1952; McDonald, Urbin, and Williamson, 1951a; Franglen, 1953) . In all these models the horizontal position of the paper strip eliminates any effect that variation of height may have on the constancy of the buffer uptake. Even in those models in which the paper is not enclosed between glass plates or plunged in organic solvents, the saturation of the relatively small atmosphere is readily achieved. In this laboratory we have developed an apparatus in which the atmosphere about the freely hanging horizontal paper is maintained in a constant condition by the presence of buffer-damped filter paper supported just above and below the working paper (Franglen and Martin, 1954b) . Rates of ionic migration are uniform both in the enclosed and the open type of horizontal apparatus, and this has led to attempts to formulate a mathematical theory of paper electrophoresis (Kunkel and Tiselius, 1951; McDonald et al., 1951b) . Durrum has pointed out, however, that "when paper is supported on one or both sides, even when the supporting surface is siliconed, a thin film of electrolyte lies at the interface between the paper and the supporting medium in which convection may not be effectively prevented and in which film the mobility may be different from that in the body of the paper" (Durrum, 1951b) . This may be a cause of the trailing of protein components which is frequently encountered in techniques in which glass plates are used to confine the paper. Horizontal apparatus has been adapted for use with other media such as starch (Kunkel and Slater, 1952a and b) or agar (Gordon, Keil, and Sebesta, 1949) .
The Vertical Type.-Although a few models of this type for analytical work have been described, the majority have been designed for the continuous separation of components by zone electrophoresis (Haugaard and Kroner, 1948; Svensson and Brattsten, 1950; Brattsten and Nilsson, 1950; Grassmann and Hannig, 1950; Durrum, 1951a) .
Preparative Methods Employing Electrophoresis.-The electrophoretic principle seems to present a means of separating proteins without seriously altering their structure.
A number of techniques embodying the principle have been developed. Many consist of modifications of the classical Tiselius apparatus so that zones containing specific migrating components may be removed without seriously disturbing the equilibrium of the remaining migrating boundaries (Maclagan and Bunn, 1947; Svensson, 1946; Kekwick, Lyttleton, Brewer, and Dreblow, 1951 Crook et al., 1952 Svensson's method a stream of buffer electrolyte is fed by gravity across a filter paper and at right angles to an electrical current passed through the filter paper. If a solution of a mixture of proteins is allowed to flow gently from a point on the top edge of the paper it will be washed slowly down with the stream of buffer, moving under the influence of gravity. As the mixture passes down across the paper it will be subjected to the lateral impact of the electrical current moving at right angles to the direction of flow. This current will tend to pull apart the components of the mixture which will have separated, as they would in a simple electrophoretic run, when they reach the lower margin of the filter paper. The lower margin of the paper is serrated and a row of tubes conveniently placed collects the protein-containing buffer solutions as they drip off the paper in a series of fractions. (Fig. 6 ). This circuit was designed and used in this laboratory by R. G. 0. Kekwick and has proved satisfactory.
Electrodes.-" According to the experience of the author reversible electrodes are quite indispensable" (Tiselius's thesis, 1930, p. 14). We agree that if satisfactory voltage control is to be achieved some simple form of non-polarizable electrode must be used in all forms of electrophoretic analysis.
We have found the silver/silver-chloride/ potassium-chloride system, modelled in miniature from that originally designed by The practice of applying the protein solution to the dry filter paper before the paper is saturated with buffer is likely therefore to lead to erroneous results. In like manner the use of paint brushes for the application of the serum should be avoided, as the contact of the protein solution with the paint brush, presumably due to the large surface area of the bristles, leads to denaturation.
It is our practice to soak a narrow ribbon of filter paper, already damped with buffer of the same quality as that in which the serum is to be analysed, in the serum and, having quickly and lightly blotted off the excess serum with bufferdamped filter paper, to place the ribbon immediately on the buffer-saturated filter paper which is to be used for analysis in position in the box. After contact for nine minutes the ribbon is removed with forceps, the box sealed, and the current started.
For quantitative application the solution is applied directly to the analysis paper using a micropipette or an " agla " micrometer syringe.
The Buffer.-To produce consistent analyses the buffers used should be adequate both in bulk and buffering capacity; the volume, to limit pH change from the migration of ions other than those being investigated; the capacity, to swamp the inherent buffering effects of the ions being investigated. In certain apparatus described by Hall (1948) and Franglen (1953) (Hauser and Lynn, 1940) , " cetab " (Rutter, 1950) , and albumin (Tiselius, 1953 The procedure commonly adopted is to remove the paper strip after completion of the electrophoretic run, taking care in removing it not to allow it to brush against the apparatus or the bench. The paper is then suspended in an oven and dried at 105' C. for 30 minutes. The paper may then be dyed by a number of techniques. Four of these in common use in this laboratory are given in Table 11 .
Countless dyeing procedures, however, have been described in attempts to obtain the maximum contrast between the dyed protein and the background, and to obtain the maximum uptake of dye by the different protein fractions. These procedures have been extended to the analysis of protein separated on gels, since, by applying a piece of filter paper to the surface of the gel, a protein print is obtained which can be dyed by the usual methods (Consden, Gordon, and Martin, 1946) .
Substances which can be located on the supporting medium by their fluorescence or absorbence in ultra-violet light may be identified directly (Paladini and Leloir, 1952) . Attempts have been made to use such fluorescence for the quantitative estimation of separated components, and special apparatus has been designed for this purpose (Hashimoto and Mori, 1952; Semm and Fried, 1952) .
Some components separated by paper electrophoresis can be located and estimated by their specific biological action. This approach has been particularly useful in the study of enzymes and hormones, activity being located either by incubation in situ with chromogenic substrates (Mills 96 group.bmj.com on November 9, 2017 -Published by http://jcp.bmj.com/ Downloaded from FILTER-PAPER ELECTROPHORESIS (Rdttger, 1952) and light green C.I. 670 (Smith and Dangerfield, 1954) have also proved very satisfactory.
and or by standard methods of assay after elution from the supporting medium (Kunkel, Taylor, and du Vigneaud, 1953) . It is, perhaps, not superfluous to point out that, if studies of this nature are to be of real value, it is essential to check that such activity is not altered by the conditions necessary for electrophoresis.
In several methods, a component of the mixture is marked with radioactive tracers or dyes before electrophoresis, so that it can be located on the supporting medium during or after separation. Radioactive iodine , iron (Wallenius, 1952a) , phosphate (Maurer and Schild, 1951) , and labelled amino-acids (Gros, Dubert, Sung, Coursaget, and Macheboeuf, 1952) have all been incorporated into proteins to aid in their identification after separation. N-tolyl alpha-naphthylamine 3 sulphonic acid combines with albumin to give a brilliantly fluorescent complex which we have used for following the migration of albumin on filter paper. Other workers have found the dyeing of serum albumin before electrophoresis with bromophenol blue (Kunkel and Tiselius, 1951) or bilirubin (Flynn and de Mayo, 1951) a useful means of judging the degree of separation of serum proteins in cells in which the speed of separation is liable to variation. It is a little surprising to note that the mobility of these albumin complexes is not significantly different from the untreated albumin.
Radioactive iodinated albumin has been reported to have a higher mobility than non-iodinated albumin (Gabrieli, Goulian, Kinersly, and Collet, 1954) . These observations needed to be checked with other protein-tracer complexes, and until such checks have been completed conclusions based on pre-marking techniques must be treated with reserve.
Comparisons of the dyed protein electrophoretograms with classical Schlierin diagrams suggested to earlier workers that determination of the protein-bound dye would form a means of estimating the relative proportions of the protein fractions (Cremer and Tiselius, 1950; Flynn and de Mayo, 1951) . In many of the earlier methods the dyed filter paper electrophoretogram is cut into consecutive strips of equal width from which the dye is eluted by alkaline solutions or organic solvents and measured by absorptiometry (Cremer and Tiselius, 1950; Robinson and Fehr, 1952; Loeffler and Wunderly, 1953) . For accurate dye determination it is essential that fading does not occur in the eluting solution (Franglen and Martin, 1954a) . Although simple in use, these elution procedures are tedious and cannot be applied to every dye.
Methods of measuring the optical density of thprotein-dye complex on the paper directly were developed to overcome these shortcomings, and vary in complexity from the use of visual matching techniques (Latner and Richardson, 1952) to the use of elaborate self-recording photoelectric " scanners" (Crook, Harris, and Warren, 1952; Einsenreich and Eder, 1951; Grassmann, Hannig, and Knedel, 1951; Griffiths, 1952; Latner, Braithwaite, and Nunn, 1952; Latner, Molyneux, and Rose, 1954; Van Os, 1952 Weicker, 1953) . Many of the earlier " scanning" methods, such as that of Grassmann and his co-workers, have a disadvantage in that clarification of the paper with paraffin mixtures is necessary before measurements can be made, but recently this has been overcome by the photoelectric measurement of light reflected from the dry paper (Rottger, 1953 (Michl, 1952) which, although simple, does not suffer from this defect.
Both types of dye analysis produce graphical plots which bear a superficial resemblance to Schlierin diagrams obtained on the classical apparatus (Fig. 7) classical electrophoresis showed that differentiations achieved by the old method were not constantly mirrored in the new. The variations in mobilities obtained with purified fractions, whether using dextran or albumin markers, indicated that these could only form the crudest means of identification (Martin, 1952) . Moreover, the distribution of dye between the separated protein fractions is not identical with the proportions of the fractions as determined by the refractive index method (Cremer and Tiselius, 1950) . A great deal of effort has gone into devising correction factors or modifications which would enable analyses by the younger method to approximate to the older (Cremer and Tiselius, 1950; Koiw, Wallenius, and Gronwall, 1951, 1952; Tiselius, 1951, Levin and Oberholzer, 1953; Schneider, 1951) . and many procedures of determining serum and other protein fractions by dye estimation have been described (Antonini and Piva, 1952; Esser, Heinzler, Kazmeier, and Scholtan, 1951; Goa, 1951 ; Grassmann et al., 1951 ; Korver, 1950; Loomeijer, 1952; Michl, 1951 Michl, , 1952 Noverraz, 1952; Pluckthun and Gotting, 1951; Vignato, 1952; Vishnyakov, Dobrovol'skii, Ermakov, and Tuckachinskii, 1952) . These procedures assume primarily that all the proteins examined will interact with the chosen dye, that the dye uptake bears a simple relationship to the protein concentration, and that the dye-binding capacities of the different fractions, although not necessarily identical, will bear a simple consistent relationship to each other at all concentrations at which each component is met. Unfortunately none of these assumptions has proved to be true; " correction factors " may vary by several hundred per cent, and the uptake of dye is not always a linear function of protein concentration (Figs. 8a and 8b) (Koiw et al., 1952; Gronwall, 1952; Crook, Harris, Hassan, and Warren, 1954 ; Franglen and Martin, 1954b) . Moreover, since dye samples often vary considerably in composition from maker to maker and from batch to batch (Tudor Jones in a paper read before the Fine Chemicals Group of the Society of the Chemical Industry on January 15, 1954) it is unlikely that correction factors will remain constant for any one dye even with rigorously controlled protein concentrations. It must be concluded therefore that the present dye methods are not generally suitable for the accurate estimation of protein fractions.
At the same time, this does not prevent these methods continuing to be of clinical value in indicating gross changes in individual protein components.
In order to eliminate the uncertainties inherent in the analysis of proteins by dyeing procedures, other methods of analysis have been described. Nitrogen determinations on the separated protein fraction by Kjeldahls have been undertaken by some workers (Anderson, 1952; Levin and Oberholzer, 1952, 1953 Kunkel and Tiselius (1951) have adapted the Heidelberger and MacPherson (1943) procedure for the determination of tyrosine to the estimation of proteins separated by paper electrophoresis. The use of Folin's reagent as a means of quantitative assessment of individual proteins has been criticized on the basis of the known variations in tyrosine content that occurs between different protein species (Martin, 1952) . The phenomenon of ion retention has been used for the analysis of protein and other types of electrophoretograms (Wieland, 1948; Wieland and Fischer, 1948; Wieland and Wirth, 1950; Robinson and Fehr, 1952) . In analysis by this method the edge of the electrophoretogram parallel to the direction of migration is dipped into a coloured solution Fig. 8a illustrates that using elution methods the uptake of dye by unit weight of protein is not constant. Fig. 8b Visualization of lipid fractions (Fig. 9 ) have been reported by several workers (Nikkila, 1952; Swahn, 1952; Wunderly and Pezold, 1952) . Both Sudan III (Fasoli, 1952 (Fasoli, , 1953 Kunkel and Slater, 1952a) and oil red 0 (Durrum, Paul, and Smith, 1952) (Koiw and Gronwall, 1952) .
Other substances have been analysed by techniques originally developed for paper chromatography. These include amino-acids and peptides (Biserte, 1950; Consden and Gordon, 1950; Durrum, 1950 Durrum, , 1951c Kickhofen and Westphal, 1952; McDonald et al., 1951a and b; Michl, 1951 ; Reindel and Hoppe, 1953; Suzuki and Maekawa, 1951) and carbohydrates (Consden and Stanier, 1952b; Foster, 1953; Foster and Stacey, 1953 Gross, 1953) .
Applications.-For brevity we have used tables (Tables III, IV, Larson et al. (1952 Larson et al. ( , 1954 iodine associated with alpha one globulin is in the form of thyroxin; Gordon et al. (1952) ; Maurer and Reichenbach (1952) ; Robbins and Rall (1952) ; Horst and Rosler (1953) 
Antibiotics
Paper Reactivity Hosoya et al. (1951) ; Kutzim (1952a and b) analysis of sulphonamides; Foster and Ashton (1953) The section on applications will have indicated the potential range of usefulness in fields of research. It may be assumed that research workers will apply and describe their own rigorous checks and controls for each problem as it arises.
It is difficult in such a brief review to give weight to all aspects of the subject. It is hoped that this survey with its appended bibliography will be some help to those interested in this fascinating field and will warn others of the pitfalls.
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